Objective: Disruption of TCF7L2 in mouse pancreatic b-cells has generated different outcomes in several investigations. Here we aim to clarify role of b-cell TCF7L2 and Wnt signaling using a functional-knockdown approach.
INTRODUCTION
Genome wide association studies (GWAS) have led to the recognition of a number of Wnt signaling pathway components, including Wnt ligand [1] , the co-receptor LRP-5 [2] , and the Wnt pathway effector TCF7L2, as risk genes of type 2 diabetes (T2D) and other metabolic disorders [3] . In addition, the expression of a few known diabetes risk or obesity related genes was shown to be positively or negatively regulated by the Wnt signaling pathway effector b-catenin (b-cat)/TCF (cat/TCF) [4] .
Among these diabetes risk genes, TCF7L2, also known as TCF-4 [5] , has drawn our attention the most as its association with T2D susceptibility has been reproducibly observed globally in different ethnic groups [3,6e12] . After the discovery of the association between TCF7L2 and T2D in 2006 [3] , enormous effort has been made to explore mechanisms underlying the function of this Wnt pathway effector in pancreatic b-cells and elsewhere [13e26] . Evidence has been collected, indicating the beneficial effect of TCF7L2 in pancreatic b-cell for cell proliferation, insulin gene expression and insulin secretion [16,19,20,27e29] . Interestingly, disruption of Tcf7l2 in mouse bcells in developing pancreas led to the development of glucose intolerance and b-cell dysfunction [27, 29] , while inducing Tcf7l2 disruption in adulthood in another Tcf7l2 À/À mouse line generated no metabolic defect [30] . Very recently, Takamoto et al. have demonstrated that the expression of dominant negative Tcf7l2 (Tcf7l2DN, the 55 kDa short form) in mouse b-cells led to the development of impaired glucose homeostasis, associated with the alteration of b-cell gene expression [22] . By utilizing RNAsequencing in rodent and human pancreatic islets, Zhou et al. have identified the Tcf7l2-Isl-1 regulatory transcriptional network responsible for Tcf7l2 in exerting its pancreatic function, including the regulation of insulin secretion [31] .
Here we generated a novel mouse model bTCFDN, in which human bcell TCF7L2DN (the 75 kDa long form) expression is inducible upon doxycycline administration. The induction of b-cell TCF7L2DN expression during adulthood or immediately after weaning generated a very minor metabolic defect, without affecting Isl-1 expression level.
When the pregnant mothers were fed with doxycycline, the bTCFDN offspring showed significant intolerance to glucose, associated with reduced b-cell mass and altered expression of certain b-cell specific genes, including Isl-1. Thus, our observations support a cell autonomous role for Tcf7l2 in pancreatic b-cells from a novel angle.
MATERIALS AND METHODS

Cell cultures and reagents
The INS-1 832/13 (INS-1) cell line and mouse islets were cultured in RPMI 1640 as described previously [32] . GLP-1 (7e37) was provided by Abcam Inc. (Toronto, Canada). Antibodies for Tcf7l2 and b-actin were purchased from Cell Signaling Technology (Beverly, MA). The anti-HA antibody (clone 16B12) was the product of Covance Research Products Inc. (USA, NJ). 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) was the product of SigmaeAldrich (Oakville, Ontario, Canada).
Animals and doxycycline feeding
The human TCF7L2DN cDNA, provided by Eric Fearon [33] , was inserted into P TRE3G (GSL Biotech LLC, Chicago, IL). Following DNA sequencing verification, it was utilized to generate the transgenic mice by FVB mouse zygote pronuclear microinjection and the implantation into pseudopregnant recipients, performed by the Toronto Centre for Phenogenomics Transgenic Core [34] . The mouse lines were designated as TCF7L2DN Tet . The double transgenic line, designated as bTCFDN, was generated by mating TCF7L2DN Tet with Ins2-rtTA. Doxycycline diet was provided by Harlan (625 mg/kg doxycycline, TD.08434). In each experiment, sex and age match Ins2-rtTA littermates were utilized as the control. All animal protocols were approved by the Institutional Animal Care and Use Committee of the University Health Network.
Adenovirus experiments
The generation of Ad-TCF7L2WT and Ad-TCF7L2DN adenoviruses is detailed in Supplemental Experimental Procedures [35] .
Metabolic tolerance tests and metabolic measurement
Oral glucose tolerance test (OGTT) and intraperitoneal insulin tolerance test (IPITT) were performed as previously described [34] . Serum insulin levels were measured using an insulin immunoassay kit (Cat 32392, AIS). Methods for glucose stimulated insulin secretion (GSIS) and GLP-1 stimulated insulin secretion are detailed in Supplemental Experimental Procedures.
Measurement of b-cell and a-cell mass and
immunohistochemistry study b-cell and a-cell mass were measured as we have previously described [36] , detailed in Supplemental Experimental Procedures. Pdx-1 and Nkx-6.1 expression in mouse pancreatic islets were assessed by immunohistochemistry staining, detailed in Supplemental Experimental Procedures.
Cell proliferation assay
Cell proliferation on Ad-TCF7L2WT, or Ad-TCF7L2DN, or control virus infected Ins-1 cells was determined with the MTT method [37] , detailed in Supplemental Experimental Procedures.
Western blotting
Methods for Western blotting against either whole cell lysate or isolated mouse islets have been described in our previous studies [37, 38] .
2.8. RNA isolation, reverse transcription, and quantitative RT-PCR RNA isolation, cDNA synthesis, and real-time RT-PCR (qPCR) were performed as previously described [39] . All nucleotide primers for qPCR are listed in Supplementary Table 1. 2.9. Statistical analysis Data are presented as means AE SEM. Significance was determined using the Student's t-test or one-way ANOVA followed by Bonferroni post hoc test as appropriate for single or multiple comparisons respectively. Differences were considered statistically significant when p < 0.05.
RESULTS
TCF7L2DN attenuates GSIS and alters b-cell gene expression in the Ins-1 cell line
Considering that other Tcfs, including Tcf7 and Tcf7l1, are also expressed in pancreatic b-cells [40] , which may exert redundant function with Tcf7l2, we tested the effect of functional knockdown of Tcfs or cat/Tcf with TCF7L2DN. The full-length human TCF7L2 cDNA (encoding the 78 kDa isoform) and one that lacks the first 117 bp nucleotide sequence ( Figure 1A ) were utilized to generate adenoviruses, designated as Ad-TCF7L2WT and Ad-TCF7L2DN. We reported very recently that TCF7L2DN is still able to bind to the consensus TCF binding motif but cannot recruit b-cat [35] . When Ins-1 cells were infected with the GFP control virus (Ad-GFP), Ad-TCF7L2WT, or Ad-TCF7L2DN, the infection efficiency reached more than 95%, based on the detection of GFP expression (data not shown). The expression of endogenous Tcf7l2 and exogenous TCF7L2 can be detected by Western blotting with the TCF7L2 antibody, while TCF7L2 and TCF7L2DN can be differentiated based on their sizes (78 kDa versus 75 kDa; Figure 1B ). The expression of exogenous TCF7L2 can be detected by the HA-tag antibody ( Figure 1B ). Ad-TCF7L2DN infection, but not Ad-TCF7L2WT infection, completely blocked GSIS ( Figure 1C ) and attenuated cell growth ( Figure 1D ). Wild type TCF7L2-stimulated growth of Ins-1 cells was observed 48 h and 72 h after the infection ( Figure 1D ). We then assessed the effect of Ad-TCF7L2WT and Ad-TCF7L2DN on the expression of two pro-insulin genes, genes that encode the two incretin hormone receptors (Gipr and Glp-1r), the Wnt pathway downstream target Axin2, and the b-cell specific genes Mafa, Isl-1 and Pdx-1. As shown in Figure 1E , the expression of these genes was significantly inhibited by TCF7L2DN expression. Ad-TCF7L2WT infection generated no significant effect on the two pro-insulin genes and Pdx-1, increased the expression of the two incretin hormone receptors (Glp-1r and Gipr) and elevated the expression of Mafa and Isl-1. Furthermore, Ad-TCF7L2WT infection also repressed the expression of the Wnt pathway target Axin2, supporting the notion for the bidirectional effect of TCFs [35, 41] .
Inducing b-cell TCF7L2DN expression in bTCFDN during
adulthood or immediately after weaning generates very modest defect on glucose tolerance The fusion gene construct in which TCF7L2DN expression is driven by P TRE3G was then created (Supplementary Figure 1A) . When it was cotransfected with Tet-On3G (i.e. rtTA) into Ins1 cells, the addition of doxycycline resulted in mCherry and TCF7L2DN expression (Supplementary Figure 1B and C). We then generated the transgenic mice with this construct. Among the five founders (Supplementary Figure 1D ), founder 4 showed consistent germ line transmission, which was utilized for further investigation and designated as TCF7L2DN Tet . After TCF7L2DN Tet was mated with Ins2-rtTA, the double transgenic mouse line was designated as bTCFDN. We found that doxycycline feeding at the age of 6 wk for 2 wks allowed us to visualize mCherry fluorescence in the pancreatic islets (Supplementary Figure 1E ) co-localized with the insulin-producing cells (Supplementary Figure 1F ). We then assessed the effect of TCF7L2DN expression on metabolic homeostasis either in adult mice or in mice immediately after weaning. As shown in Supplementary Figures 2 and 3 , we found a tendency for impaired OGTT and reduced expression of certain b-cell specific genes (Supplementary Figure 2D and I) or reduced insulin secretion after OGTT (Supplementary Figure 3D ). Mice fed with doxycycline during adulthood also showed reduced expression of pro-insulin 2, Pdx-1 and Mafa. However, mRNA levels of other genes, including Isl-1 and Insulin 1, were comparable in bTCFDN and the control Ins2-rtTA mice (Supplementary Figure 2I ). It is worth pointing out that TCF7L2DN expression repressed endogenous Tcf7l2 expression in vitro ( Figure 1B ) and in vivo (Supplementary Figure 2C ). This supports our previous observation that TCF7L2 expression can be auto-regulated [42] . This may represent another mechanism for this dominant negative molecule to exert its inhibitory effect on Wnt signaling. Together, the defect generated by inducing TCF7L2DN expression in adulthood or immediately after weaning is modest. This is likely due to complicated compensatory mechanisms in response to Wnt functional knockdown during adulthood in the absence of a challenge. 3.3. Inducing TCF7L2DN expression during the embryonic developmental stage causes impaired glucose tolerance Male Ins2-rtTA mice were then mated with TCF7L2DN Tet female mice. After female mice became pregnant, they were fed with doxycycline throughout the pregnancy until the weaning of the offspring at 21 days. The offspring were then fed with doxycycline diet. Doxycycline feeding did not alter the body weight of the mice (Figure 2A) . Importantly, the bTCFDN offspring showed impaired tolerance to oral glucose ( Figure 2B ) but comparable tolerance to insulin challenge ( Figure 2C ). Figure 2D shows that while prior to glucose gavage bTCFDN mouse plasma glucose levels were comparable with that of Ins2-rtTA controls, 15 min after oral glucose challenge, bTCFDN mice showed even higher plasma glucose levels. Consistently, Figure 2E shows that in bTCFDN mice, oral glucose challenge-stimulated insulin secretion was significantly attenuated.
3.4. Inducing TCF7L2DN expression during the embryonic developmental stage causes reduced b-cell mass Mice were sacrificed at 6 wk of age for b-cell and a-cell mass measurement. bTCFDN mice had significantly reduced b-cell mass compared with Ins2-rtTA controls ( Figure 3A ). a-cell mass, however, was not altered ( Figure 3B ). Since b-cell numbers within the islets appeared reduced, we assessed the expression of two b-cell specific homeobox-gene transcription factors Pdx-1 and Nkx6-1, which were both detectable ( Figure 3C, D) . We then counted Pdx-1 and Nkx6.1 positive cells in mouse islets. The percentage of Pdx-1 positive islet cells was 51.7% in the Ins2-rtTA mouse but dropped to 36.0% in the bTCFDN mouse ( Figure 3C, right panel) . Similarly, the percentage of Nkx6.1 positive islet cells dropped from 57.5% in the Ins2-rtTA mouse to 34.9% in the bTCF7DN mouse ( Figure 3D Another set of bTCFDN and control Ins2-rtTA mice were generated by doxycycline feeding of the pregnant mothers followed by doxycycline feeding of the offspring after weaning. We then assessed alterations of b-cell specific gene expression in mice at the age of 6 wks. As shown in Figure 4A , the expression of pro-insulin genes, two incretin receptor genes, Axin2, as well as Pdx-1 and Isl-1 was reduced in the bTCF7DN mouse islets. The expression levels of Mafa and Ngn3, however, were not altered.
Another set of bTCF7L2DN and Ins2-rtTA control mice were generated by doxycycline feeding of the pregnant mothers, followed by doxycycline feeding of the offspring after weaning. At the age of 5 wks impaired tolerance to OGTT was detected in the bTCFDN offspring (data not shown). At the age of 6 wk, mouse islets were isolated for GLP-1 treatment. As shown in Figure 4B , islets isolated from the bTCFDN offspring showed attenuated response to both GSIS and GLP-1-potentiated GSIS.
DISCUSSION
Here we examined the effect of Wnt pathway functional knockdown in pancreatic b-cells with TCF7L2DN. TCF7L2DN expression in Ins-1 cells attenuated the expression of the Wnt pathway downstream target Axin2, inhibited cell growth, and suppressed the expression of two pro-insulin genes as well as genes that encode the receptors for the incretin hormones. More importantly, the functional knockdown inhibited GSIS. Although the induction of TCF7L2DN expression in b-cells in adult mice generated a tendency towards metabolic defect and resulted in the inhibition of several b-cell specific genes, the expression of a number of other b-cell specific genes, including Isl-1 was not affected. This could be due to the existence of complicated compensatory mechanism, which deserves further investigation. The induction of b-cell TCF7L2DN expression during embryonic development, by feeding doxycycline to pregnant mothers, however, revealed a fundamental role of TCFs on the generation of Pdx-1 and Nkx6.1 positive islet cells as well as the maintenance of glucose homeostasis. As a key component of the Wnt signaling pathway, TCF7L2 may not exert its function on its own. A TCF member, including TCF7L2, forms the bipartite transcription factor cat/TCF with a free b-cat molecule.
Different TCFs may exert certain redundant functions [43] . To explore the function of Wnt pathway in pancreatic b-cells, several investigations have assessed the effect of b-cat deletion in pancreatic b-cells, even before the recognition of TCF7L2 as the diabetes risk gene [44e47]. An early report showed that b-cat deletion did not significantly perturb pancreatic islet endocrine cell mass or function, although b-cat is evidently essential for acinar cell differentiation [44] . When Pdx-1 promoter was utilized to deliver the Cre enzyme to delete b-cat, Papadopoulou and Edlund found that b-cat deleted cells had a competitive disadvantage during pancreas development [45] . Interestingly, although they observed a reduction in islet numbers during the early embryonic development stage, the mice recovered from the pancreatitis at a later stage and regenerated normal pancreas and duodenal villi from cells that escaped b-cat deletion [45] . Heiser and colleagues took advantage of the S33Y b-cat mutant. The transgenic mice generated with this constitutive mutant b-cat revealed a temporal/spatial role for b-cat signaling in the regulation of pancreas organ growth [46] . Finally, the metabolic function of Wnt signaling in pancreatic b-cells has been demonstrated with the utilization of Wnt ligands [47, 48] . Thus, although Wnt signaling does play an important role in b-cell genesis and function, the defect caused by b-cat genetic deletion may not be easily detected due to the existence of complicated, redundant, and compensatory mechanisms. This can be attributed to the redundant function of TCF members, the bi-directional and temporal/spatial feature of b-cat molecules [49, 50] , as well as the fact that the knockout approach for b-cat cannot reach 100%. TCF7L2DN utilized in this as well as a few previous studies serves as a unique tool in assessing Wnt signaling function [5, 22, 33, 34] . Following the milestone discovery of the association between TCF7L2 polymorphisms and the risk of T2D [3] , studies have been conducted to explore the function of TCF7L2 in pancreatic b-cells GSIS [20] . The same group then conducted further exploration and showed that siRNA-mediated TCF7L2 knockdown, resulting in reduced Glp-1r and Gipr expression and attenuated incretin response [19] . The beneficial effect of TCF7L2 in human islets observed by Shu and colleagues was also demonstrated in mouse islets by da Silva Xavier and colleagues by various means [16] . In the current study, we have verified that TCF7L2DN reduced Glp-1r and Gipr expression in vitro and in vivo, and attenuated the response to GLP-1. We observed the stimulation of the expression of Glp-1r and Gipr by WT TCF7L2 in the Ins-1 cell line ( Figure 1E ). However, the additive effect of wild type TCF7L2 on GSIS was not appreciable ( Figure 1C ). This might be due to the difference among the species or the expression level in these two studies, which requires further examinations. Tcf7l2 À/À mice die 8e10 days after birth [51] . Several transgenic mouse models have been generated, exploring the metabolic function of TCF7L2. Savic et al. found that the 92-kb genomic interval associated with the risk of T2D contains enhancer elements that regulate the temporal/spatial expression patterns of Tcf7l2 in metabolic tissues. By deleting this interval, they establish a critical role for these enhancer elements in regulating Tcf7l2 expression. They then developed a TCF7l2 copy-number allelic series in mice. The TCF7l2 null mice displayed enhanced glucose tolerance coupled to significantly lowered insulin levels, while transgenic mice harboring multiple TCF7L2 copies and overexpressing this gene display reciprocal phenotypes, including glucose intolerance [13] . These observations suggest that Tcf7l2 has a deleterious metabolic effect, which is in disagreement with the beneficial effect of pancreatic TCF7L2 observed by Shu et al. [19, 20] , as well as by Da Silva Xavier et al. [16] , but is in agreement with the observations that TCF7L2 expression in human islets was increased in T2D, particularly in TCF7L2 T2D risk allele carriers, while its over-expression in human islets reduced GSIS [14] . specific TCF7L2 À/À mouse line generated with the utilization of the Ins-1 promoter also shows a defect in glucose intolerance and insulin secretion [29] . It is worth pointing out that Boj and colleagues did not examine mice beyond 12 wk of age while the other two teams did [30] . Furthermore, Boj et al. did not apply the alternative OGTT approach to assess glucose intolerance in their model, potentially underestimating the effects of changes in GLP-1 (or other incretin) receptor expression in their Tcf7l2-null b-cells [30] . More importantly, the approach by Boj and colleagues may only expect to see effects of TCF7L2 loss at post-embryonic stage, as they started to inject tamoxifen to initiate the cleavage at weaning [30] , in contrast to the deletion during embryonic development stages utilized by the other groups [27, 29] . Here, we demonstrate that Wnt pathway functional knockdown during embryonic development resulted in impaired glucose homeostasis and reduced b-cell mass.
In contrast, Wnt pathway functional knockdown in adulthood did not significantly affect glucose homeostasis or b-cell mass. Our observations revealed the temporal/spatial role of b-cat/Tcf and Tcf7l2 in pancreatic b-cells from a novel angle. However, we cannot eliminate the possibility that differences in the genetic background of different animal models, including the one in this study, play a role in the subtle difference in metabolic homeostasis. In addition, the use of Cre system in b-cell gene disruption may cause impairment of b-cell function, as suggested recently [52] . Cre per se may generate no effect on b-cell function in the case of the Ins-1Cre delete strain [53] , as utilized by Mitchell et al. [29] . The use of Pdx-1-Cre, RIP-Cre and MIP-Cre, however, may cause complications, in part due to the inclusion of a second cistron which leads to the local production of human growth hormone, demonstrated recently by Brouwers and colleagues [54] .
It is worth emphasizing that TCF7L2DN expression leads to impaired Glp-1r expression and impaired GLP-1 action on insulin secretion, which were also observed very recently by Mitchell et al. in their b-cell specific Tcf7l2 À/À mouse model [29] . These observations, along with the study in human islets by Shu and colleagues [19] , support a b-cell autonomous effect of TCF7L2 in controlling the expression of incretin receptors. Although Tcf7l2 has multiple alternatively spliced isoforms, in metabolic organs, the two major isoforms encode the two proteins in sizes of 78 kDa and 58 kDa, respectively. Both isoforms share the common HMG and b-cat interaction domains. Very recently, Takamoto et al.
generated a transgenic mouse model in which the 55 kDa short isoform of Tcf7l2DN was driven by the Ins2 promoter. These transgenic mice showed impaired glucose homeostasis, reduced b-cell mass, and insulin secretion [22] . It is yet to be determined whether eithervof these two major isoforms exerts a unique function in pancreatic b-cells.
Very recently, Zhou et al. have identified a TCF7L2-regulated transcriptional network that is responsible for its effect on human and rodent islets insulin secretion [31] . A key component of the network is the LIM homeodomain protein Isl-1, which is a Wnt downstream target in cardiovascular progenitors as well [55] . We observed reduced Isl-1 expression in response to TCF7L2DN expression in Ins-1 cells and in bTCFDN mice. Our bTCFDN mouse model as well as the TCF7L2 adenovirus will serve as unique tools to further explore the TCF7L2/Isl-1 regulatory network in the genesis of pancreatic b-cells and their function in health and diseases.
CONCLUSIONS
In summary, TCF7L2DN expression in Ins-1 cells attenuates cell growth, GSIS and b-cell specific gene expression. Its expression during embryonic development significantly impairs the generation of Pdx-1 and Nkx6.1 positive islet cells, b-cell gene expression and the function of pancreatic islets in response to GLP-1. Our new findings provide further support for a cell autonomous role for Tcf7l2 in b-cells, as previously indicated by some, though not all Tcf7l2 knockout mouse models.
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